Nano-differential scanning calorimetry (nano-DSC) is a powerful tool in the investigation of unilamellar (small unilamellar, SUVs, or large unilamellar, LUVs) vesicles, as well as lipids on supported bilayers, since it measures the main gel-to-liquid phase transition temperature (T m ), enthalpies and entropies. In order to assign these transitions in single component systems, where T m often occurred as a doublet, nano-DSC, dynamic light scattering and cryo-transmission electron microscopy (cryo-TEM) data were compared. The two T m s were not attributable to decoupled phase transitions between the two leaflets of the bilayer, i.e. nano-DSC measurements were not able to distinguish between the outer and inner leaflets of the vesicle bilayers. Instead, the two T m s were attributed to mixtures of oligolamellar and unilamellar vesicles, as confirmed by cryo-TEM images. T m for the oligolamellar vesicles was assigned to the peak closest to that of the parent multilamellar vesicle (MLV) peak. The other transition was higher than that of the parent MLVs for 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), and increased in temperature as the vesicle size decreased, while it was lower in temperature than that of the parent MLVs for 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), and decreased as the vesicle size decreased. These subtle shifts arose due to small differences in the values of ΔH and ΔS, since T m is determined by their ratio (ΔH/ΔS). It was not possible to completely eliminate oligolamellar structures for MLVs extruded with the 200 nm pore size filter, even after 120 passes, while these structures were eliminated for MLVs extruded through the 50 nm pore size filter.
Introduction
Liposomes are frequently used as surrogates for cellular membranes in basic studies, as nanoscale reactors, as sensors, and in biotechnology applications. Supported lipid bilayers (SLBs) on both planar and nanoparticle substrates have been investigated for similar reasons. Among the many techniques that have been used for characterization of lipid morphology, differential scanning calorimetry (DSC) [1] and nano-DSC provide sensitive means of detecting phase transition temperatures, such as the gel (L β ) to liquid-crystal (L α ), T m , of lipid vesicles, and their associated enthalpies and entropies, which reflect their packing properties (interactions) and alkyl chain conformations.
Liposomes are self-closing spherical particles consisting of lipid bilayers that encapsulate the solvent. They can be prepared [2] as multilamellar vesicles (MLVs) [3] , which consist of concentric bilayer spheres, or can be formed into giant (GUVs, N1 μm diameter) [4] , large (LUVs, N100-200 nm to 1 μm in diameter) [2] , small (SUVs, 20 to 50 nm diameter) unilamellar and bilamellar vesicles [5] . Smaller vesicles are prepared by sonication [6, 7] , centrifugation/ultracentrifugation [8, 9] , gel filtration [10] , and extrusion of MLVs [11] [12] [13] [14] [15] [16] or GUVs [17] . A combination of freeze/thawing (to break up large MLVs [18] ) followed by extrusion techniques [19] is often used. Formation of unilamellar vesicles occurs by a process of membrane rupture and resealing during which there can be entrapment of small vesicles (multivesicular (MVVs) or oligovesicular vesicles) and some lamellarity can be maintained (oligolamellar vesicles). The freeze-thaw (above T m ) procedure before extrusion [19] increases the proportion of unilamellar vesicles by causing internal lamellae of the MLVs to separate and vesiculate, reducing the number of closely associated bilayers passing through the filter, thus reducing the formation of oligolamellar vesicles [13] . [20, 21] and cryo-TEM images [13, 21, 22] . Multivesicular vesicles (MVVs), in which smaller vesicles are contained within larger vesicles have also been prepared as nested nanoreactors [23] or have been observed by cryogenic-transmission electron microscopy (cryo-TEM) when preparing SUVs/LUVs [13, 24] . A schematic of unilamellar, oligolamellar and multivesicular vesicles is presented in Fig. 1 . Despite the many methods of preparing unilamellar vesicles, and the desirability of forming uniform, well characterized dispersions, a simple method to assess whether unilamellarity is achieved is not available.
For single component lipid systems, multilamellar vesicles typically show a narrow, main gel-to-liquid crystal phase transition (T m ) and a lower temperature pretransition (T pre ) characteristic of the ripple phase. Large unilamellar vesicles (LUVs) and small unilamellar vesicles (SUVs) show a typically broadened main phase transition, which can appear at slightly higher or lower temperatures [25, 26] , a broadened pretransition [27, 28] , and enthalpies of melting lower than those of the parent MLVs [29] . Similar changes have been observed for lipids on nanoparticle supports, where T m broadens and shifts to a temperature lower than for the parent MLVs, and there is no pretransition [30] . Double transitions, assigned to the proximal (near surface) and distal leaflets of single component planar bilayers, have also been observed [31] .
In order to use nano-differential scanning calorimetry of vesicles to investigate lamellarity, lipid exchange, flip-flop between the inner and outer leaflets, fusion/aggregation phenomena, supported lipid bilayer formation and organization of lipids on solid supports, identification of the calorimetric transitions is critical. However, earlier calorimetry studies were hampered by the instability of the SUV preparations, which fused to form larger bilayer structures, before or during the calorimetry scan [25, 32, 33] .
We have observed multiple peaks in both unilamellar vesicles and SLBs that contain only a single lipid species. There are two possibilities, at least in the case of the single component vesicles. The first is that there are differences in packing between the inner and outer leaflets of the bilayer. The second is that double or multiple bilayers remain, perturbing the interactions between the single bilayers. As shown in Fig. 1 , the lipid headgroups can be in contact with bulk water, or can interact with interstitial water and be constrained on one or both sides by another lipid bilayer. In order to determine the reason for the observation of more than one peak in the calorimetry traces of single component vesicles, SUVs/LUVs were prepared using well known procedures, namely by sonication, freeze-thawing and extrusion. The morphology of the LUVs viewed by cryo-transmission electron microscopy (cryo-TEM) was compared with nano-DSC runs to determine the origin of the double transitions.
Materials and methods

Materials
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC, 14:0 PC) and DPPC: 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, 16:0 PC) were obtained from Avanti Polar Lipids (Alabaster, AL) and used without further purification. All solutions/suspensions were prepared with chloroform and HPLC grade water, with or without 0.1 M PBS buffer (100 mM NaCl solution and 2 mM KCl), purchased from Fisher Chemicals (Fairlawn, NJ). An Avanti Mini-Extruder from Avanti Polar Lipids was employed for extrusion of the lipids, using 50, 100, 200 and 400 nm pore size polycarbonate filters.
Preparation of multilamellar and small/large unilamellar vesicles
The DMPC was dissolved in chloroform and dry lipid films were formed after evaporation of the solutions under a stream of nitrogen and then in a vacuum oven overnight to remove any residual solvent. The lipid film was then redispersed in water or 0.1 M PBS buffer and incubated at a temperature of 45°C (above T m of DMPC) or 55°C (above T m of DPPC) for 1 h with periodic shaking to form hydrated multilamellar vesicles (MLVs). Large unilamellar vesicles (LUVs) were obtained from the MLVs by successive extrusions (without freeze thawing the MLVs) using first the 400, 200 nm, 100 nm and finally the 50 nm diameter polycarbonate filters. In each case, approximately 1 ml of a 10 mg/ml lipid solution was passed back and forth for a fixed ( 5×, 20×, 40×, 120×) number of times as described in the text. LUVs/SUVs were also prepared using freeze/thaw cycles and/or sonication. The SUVs were prepared by tip sonication of the MLVs (Fisher Scientific Model 100 Ultrasonic Dismembrator), with 10 -15 Watt power in an ice bath to dissipate the heat generated until a clear suspension was obtained, and the titanium dust removed by centrifugation (12,000 for 20 min). The tip sonication was achieved using different pulse sequences, as described below. There was no loss of lipid during the extrusion process, as confirmed by phosphorus analysis [34] [35] [36] and LC-MS. After extrusion, additional water or salt solution was added to yield vesicle suspensions of 1 mg/mL.
Analysis
Dynamic light scattering (DLS)
Dynamic light scattering (DLS) measurements were obtained on a Malvern Zetasizer Nano-ZS (Malvern Instruments Ltd., Malvern, U.K.) at 25°C. For the temperature dependent measurements, the sample was equilibrated for 1 h before each measurement. Diameters are reported as z-, volume or number averages. The z-average is the intensity weighted effective diameter-the hydrodynamic diameter that a sphere would have in order to diffuse at the same rate as the particle being measured. The autocorrelation function generated by the DLS measurement is analyzed by cumulant analysis, based on nonlinear leastsquares (NLLS) fits of the autocorrelation function with Malvern's Zetasizer Nano 4.2 software utilizing a version of the CONTIN algorithm [37] . It is a moment expansion that gives as the first two terms the z-average size and a width parameter called the polydispersity index (PDI). The intensity distribution can be converted into a volume distribution or distribution describing the relative proportion of multiple components in a system based on their mass or volume using the Mie scattering theory.
Nano-differential scanning calorimetry (nano-DSC)
Nano-differential scanning calorimetry (nano-DSC) measurements were obtained on a TA Instruments (New Castle, DE) Nano DSC-6300. Samples were scanned at heating/cooling rates of 1°C/min, using 1-2 mg lipid. Samples were run 5-15 min after preparation, unless otherwise noted, and the first heating and cooling scans are reported. However, the first and second heating scans were identical for the extruded vesicles, and the calorimetry traces remained the same for at least 2 weeks after preparation, when kept at room temperature or above the phase transition temperature of the lipid.
Cryogenic-transmission electron microscopy (cryo-TEM)
The LUVs and supported lipid bilayer suspensions were prepared for cryo-TEM at 25°C using a Vitrobot (FEI Company), which is a PCcontrolled robot for sample vitrification. Quantifoil grids were used with 2 μm carbon holes on 200 square mesh copper grids (Electron Microscopy Sciences, Hatfield, PA). The grid was immersed in the sample, blotted to reduce film thickness, and vitrified in liquid ethane. The sample was then transferred to liquid nitrogen for storage. Imaging was performed using a cooled stage JEOL JEM-2100F TEM (Model 915, Gatan Inc., Pleasanton, CA) at 200 kV. Average sizes by TEM were obtained by analysis of~50-100 individual unilamellar vesicles.
Results
Nano-DSC data
The nano-DSC data for DMPC MLVs and LUVs prepared by extrusion through a 400 nm polycarbonate filter (40×), or extrusion through a 200 nm (40×) filter and the same sample further extruded through 100 (40 ×) and 50 nm (40 ×) polycarbonate filters in water are presented in Fig. 2 . The same trends (Supplementary information (SI) Fig. 1 and Table 1 ) were obtained for vesicles prepared in 0.1 M PBS buffer. A sample (in water) in which the MLVs were freezethawed 5×, followed by extrusion with a 100 nm pore size filter 40× had the same nano-DSC trace as the sample extruded using the 200 nm (40×) and 100 nm (40×) pore size filters. Nano-DSC scans for DMPC MLVs tip sonicated for two pulse sequences, 1 min on/30 s off pulse sequence for 15 cycles (~20 min), and 20 s on/10 s off for 55 min total are shown in Fig. 3 .
The DMPC MLVs appear as a single asymmetric peak, while the extruded DMPC LUVs are observed at two or one temperature(s), and the sonicated DMPC SUVs also exhibit two peaks. For the extruded/ sonicated DMPC LUVs/SUVs: (i) the transition at lower temperature remains approximately constant, at the same temperature as the MLV transition; (ii) the transition at higher temperature shifts to higher temperatures as the pore size of the filter used for extrusion decreases; (iii) the intensity of the high temperature transition increases with respect to that at lower temperature as the pore size of the filter used for extrusion decreases; (iv) the higher temperature peak is the only one observed for LUVs where the 50 nm filter was used; and (v) for the tip sonicated SUVs the transition at higher temperature increases with respect to that at lower temperature (near the MLV transition) as the length of sonication time increases. The width of the peaks, particularly the MLV transition, is broader than is observed at slower scan rates. At 0.5°C/min, ΔT 1/2 = 0.56°C [30] and at 0.08°C/min it is 0.12°C [38] .
When DMPC MLVs are extruded through a 200 nm pore size filter for different numbers of passes, similar trends are observed (Fig. 4) ; the same results (SI Fig. 2 ) were obtained with extrusion through the 400 nm filter. The higher temperature peak increases with respect to the lower temperature peak as the number of passes through the extruder increases, but both peaks remain at the same temperatures on both the heating and cooling cycles.
On the heating cycle of the MLVs, the gel-to-liquid phase transition temperature has an abrupt start and a high temperature tail, while on the cooling cycle, the reverse occurs, effects have been attributed to the slow response time of the calorimeter compared with the time scale of the transition [29] . The peak position on the cooling curve is therefore~0.3-0.5°C higher than on the heating cycle. However, at slower scan rates (0.5°C/min), the difference between T m and T c is Fig. 3 . Nano-DSC plots of tip sonicated DMPC SUVs after 15 and 100 cycles. only 0.1°C [30] . In the case of the SUVs/LUVs, the start of the melt transition is more gradual, but the high temperature tail coincides with that of the MLVs. On the cooling cycle, the SUVs/LUVs undergo the liquid crystal-to-gel transition at higher temperatures than the MLVs, and as occurred in that case, the peak transitions on the cooling cycles occur at (~0.3-0.5°C) higher temperatures than on the heating cycles for both transitions. For SUVs/LUVs extruded with the same pore size filter, the high temperature peak has greater intensity than the low temperature peak on the heating than on the cooling cycle, and as for the MLVs, this is attributed to the slow response time of the calorimeter compared with the time scale of the transition [29] .
The T m , T c values, and enthalpy change for the gel to liquid crystalline phase transition (for heating, ΔH m and cooling ΔH c ) for the LUVs and MLVs in water are presented in Table 1 . The thermodynamic parameters are for the first heating/cooling cycle, with the run started between 5 and 15 min after preparation. Nevertheless we should stress that the enthalpy values retrieved from the second heating scan increase significantly when samples are held at low temperatures for prolonged periods (although this effect was not investigated in detail). ΔH (total) and ΔS (total) were obtained from the integrated areas of the two nano-DSC peaks for the SUVs/LUVs, obtained on the first heating and cooling cycles. The values of ΔH m and ΔH c are the same for the 1st heating/1st cooling cycle of each SUV/LUV or MLV prepared under the same conditions; error bars indicate values obtained for the same sample run 3 times. Further, both ΔH (total) and ΔS (total) decrease with decreased vesicle size, as previously reported for ΔH m [39] . The values measured here are in reasonable agreement with those for DMPC MLVs (ΔH m = 5.5-6.2 kcal/mol, including the pretransition [32] ) and (sonicated) SUVs (ΔH m = 3.8 kcal/mol [32, 39] ). As in the case of sonicated DODAB vesicles [40] , cooling (here for 1 week) at 4°C resulted in an increase in ΔH, but the shape of the nano-DSC plots remained the same.
When DMPC MLVs are extruded through a 200 nm pore size filter for different numbers of passes, similar trends are observed (Fig. 4) ; the same results (SI Fig. 2) were obtained with extrusion through the 400 nm filter. The higher temperature peak increases with respect to the lower temperature peak as the number of passes through the extruder increases, but both peaks remain at the same temperatures on both the heating and cooling cycles.
Nano-DSC traces for DPPC (Fig. 5 ) also show double (but less well defined) transitions for the SUVs/LUVs, but in this case, the phase transition temperature of the higher temperature peak corresponds to that of the parent MLVs, and the phase transition temperature of the lower temperature peak decreases with decreasing pore size of the filters used for extrusion. On the cooling cycle, the transitions cannot be distinguished at this scan rate. Previous nano-DSC data for DPPC obtained at slower scan rates (1°C/h and 5°C/h) exhibited better separated transitions with a peak near that of the parent MLV and a broader peak at lower T [28] . The values of ΔH and ΔS (Table 2 ) both increase with increasing vesicle size. Data for DPPC in water are presented in SI Fig. 3 and Table 2 . Error bars indicate repeat of same sample 3 times. 
Cryo-TEM images
Insight into the origin of the multiple peaks comes from cryo-TEM images of the samples. Extrusion of the DMPC MLVs through the 400 nm polycarbonate filter 10× results in a large range of vesicle types: large and small multivesicular vesicles (MVVs), oligolamellar vesicles, and both large (N200 nm) and small unilamellar vesicles (Fig. 6) . Further extrusion changes the vesicle population to one similar to that for vesicles extruded through the 200 nm polycarbonate filter (40×), where smaller structures with the same types (MVVs, oligolamellar and unilamellar) of vesicles are observed (Fig. 7A) . Previous work has also shown the development of vesicles within vesicles and the persistence of lamellarity during preparation of smaller vesicles from MLVs by extrusion through 200 nm pore size filters under pressure [13] . In the case of DOPC LUVs, where only an extrusion technique was used (with 1, 0.4 and 0.2 μm filters) [41] , cryogenic-transmission electron microscopy (cryo-TEM) showed vesicles within vesicles [24] . The closure of flat interdigitated bilayers above T m also entrapped smaller vesicles forming MVVs [42] .
Further extrusion through the 200 nm filter (120×) (Fig. 7B) or sequentially through a 100 nm filter (40×) (Fig. 7C) reduces the numbers of these non-unilamellar structures, and they disappear almost completely after final extrusion through the 50 nm polycarbonate filters (40×) (Fig. 7D) . In previous investigations, successive extrusion (after a freeze/thaw process, 3×) through double stacked 5.0, 1.0, 0.4, 0.2, 0.1 and 0.05 μm filters (each only 5×), showed many oligolamellar vesicles even after the last extrusion with the 50 nm pore size filter [22] . Thus, both the filter size and number of passes affect the final distribution of unilamellar and oligolamellar vesicles. The cryo-TEM images also show that the size of the vesicles does not coincide with the pore size of the filters, but does progressively decrease with decreasing pore size, as best seen in the lower magnification images (Fig. 8 , all 500 nm scale bar). This can arise since it is known that the nominal pore size is an upper bound for the cylindrical pores in polycarbonate filters used for extrusion (formed by chemical etching along ion tracks [43] ) and the average pore size is smaller than the nominal size. It has been shown that the mean vesicle size approaches this pore size as the number of passes and applied pressure increases [16] .
Histograms of vesicle sizes taken from~100 cryo-TEM images/ extrusion process for DMPC SUVs/LUVs (Fig. 9) show both the decreased average vesicle size as well as the narrowing of the size distribution after filtrations through successively smaller pore size filters. The sizes decreased from b95.1 nm N to b75.0 nm N to b 54.9 nm N as the vesicles were extruded through the 200 nm filter 40×, followed by the 100 nm filter 40× and the 50 nm filter 40× (Table 3) . However, increased numbers of passes through the large, 200 nm pore size filter (Fig. 10) have much less effect, decreasing from b 95.1 nm N to b90.4 nm N as the number of passes increased from 40 to 120×, with a decrease in the population of the larger size vesicles.
DLS data
DLS data for DMPC vesicles in water at 25°C extruded sequentially through 200, 100 and 50 nm (each 40×) polycarbonate filters are shown in Fig. 11 , plotted by intensity, volume and number averages. DLS for a tip sonicated sample (15 min) is presented after 1 h. Time dependent data are given in SI Fig. 4 .
The z-(D z ), intensity, volume and number averages (Table 3 ) all show that the vesicle size decreases with a decreasing pore size filter used for the extrusion. The intensity average is weighted to larger vesicles, and the widths become narrower (as indicated by the polydispersity indices, PDI) as the vesicles are extruded through smaller pore size filters. The cumulant analysis by volume percent shows a bimodal distribution for vesicles extruded through the 200 nm pore size filter, and there is a tail for large size vesicles when extruded subsequently through the 100 nm pore size filter. When analyzed by number, there are many fewer large vesicles in all cases, although a long tail (at large sizes) is observed for the vesicles extruded with the 200 nm filter. There is good agreement between the number average size measured by DLS and the average obtained from the TEM images. Since the conversion to volume and number averages is based on assumptions (e.g. all particles are spherical and homogeneous, and there is no error in the intensity distribution), the volume and number distributions derived from intensity distributions are useful for estimating relative proportions of species in a multimodal distribution, and are useful for comparative purposes, but are not considered absolute [44] . While the volume distribution is best for characterizing vesicles, comparison with TEM requires the number distribution. From Table 3 , the agreement is best for the number distributions. However, conversion of intensity/volume distributions to number distributions can have large errors at the low end of the size distribution because small amounts of particles on a volume basis produce large numbers of particles in the number distribution (due to the 1/10 3 volume/number ratio).
In the case of the extruded vesicles, as was observed from the cryo-TEM images, the size of the vesicles does not correspond to the nominal diameters of the polycarbonate filters. In general, differences in particle sizes obtained by TEM and DLS arise since DLS measures the hydrodynamic diameter, which includes the solvent moving with the SUVs/LUVs, while TEM does not. The largest discrepancy between pore size and vesicle size, found for the 200 nm pore size filters, has been previously observed [16] .
DLS data for DMPC vesicles in water at 25°C extruded through the 200 nm polycarbonate filter between 5× and 120× are presented in Fig. 12 and Table 2 for the intensity, volume and number averages. Unlike vesicles extruded successively through several filter sizes, the intensity averages as a function of the number of passes through the same 200 nm filter are all very similar; only the vesicles extruded 5× clearly show intensity for very small (~30 nm) vesicle sizes. The vesicles extruded 5× exhibit three maxima in the volume distribution, at~30, 100 and 200 nm, with the number distribution showing a preponderance of small vesicles. This is consistent with a mechanism in which the large vesicles, after extrusion through the 200 nm (or 400 nm) filter contain many residual smaller vesicles that have been removed from the larger vesicles during the extrusion process. These small vesicles can be seen in Fig. 6 (as shown for the 400 nm filter) along with the larger structures.
After further extrusion through the 200 nm pore size filter (Fig. 12 of fusion to form larger (e.g. 60-70 nm) stable vesicles. As the number of passes through the 200 nm filter increases, the~200 nm vesicles are successively reduced in number (as measured by the peak height intensity in the volume distribution), while the peak at~100 nm increases in intensity and at the same time moves to smaller vesicle sizes. The increase in the number of smaller vesicles with the number of passes through the filter can clearly be seen in the cumulant analysis by number. The decrease in size, of both the~200 nm and~100 nm vesicles is confirmed by cryo-TEM images of vesicles extruded 40× (Fig. 7A) and 120× (Fig. 7B ) through the 200 nm filter. The DLS data for tip sonicated DMPC SUVs (Fig. 12, SI Fig. 4 and SI Table 1 ) show the decrease of large size vesicles (at N 1000 nm and 200 nm) and the increase in the vesicles at~30 nm with sonication time. Although we did not obtain cryo-TEM images for these samples, the observed nano-DSC doublet is also assigned to unilamellar and oligolamellar vesicles. In previous work on single component vesicles prepared by sonication to clarity, two or three vesicle populations have been observed. Sonicated DPPC [10] and DSPC [45] SUVS indicate that there is extensive and rapid fusion [25, 33, 46, 45] to products in a wide range of sizes, characteristic of the original small SUVs (~30 nm),~1 00 nm LUVs and a large population characteristic of very large structures, attributed to MLV contamination [32] .
Discussion
The purpose of this investigation was to elucidate the reason(s) for the double phase transition temperatures observed in small single component vesicles obtained from parent multilamellar vesicles. Since vesicles N70 nm are stable below T m [46] , DLS, nano-DSC and TEM images can be better correlated for extruded vesicle populations. The current results show two transitions for extruded or freeze/thawed and extruded vesicles in which the higher temperature peak for DMPC increases with respect to the lower temperature peak (near that of the parent MLVs) as the LUVs decrease in size and as fewer oligolamellar structures are observed by cryo-TEM imaging. DLS and TEM data confirmed that the LUVs contained no residual large, micron size MLVs. Further, the high temperature transition increased in temperature with decreased LUV size, and after extrusion with the 50 nm pore size filter was a single peak. When the LUVs were extruded with the same pore size filter for different numbers of passes, the positions of the two peaks were constant, but differed in relative intensity. Thus, the main difference between vesicles prepared using different extrusion filters and number of extrusions is the relative number of unilamellar, oligolamellar and multivesicle (MVVs) vesicles. The combined nano-DSC and cryo-TEM results strongly suggest that the origin of the double transitions arises from vesicles which have or do not have oligolamellar morphologies. Although extrusion should produce unilamellar vesicles, the results presented here, as well as in many other reports in the literature show that oligolamellar and multivesicle vesicles [47, 48] often form. We expect that MVVs will have transition temperatures characteristic of the individual bilayers, since the exterior and enclosed vesicles are not in contact with each other. Therefore, we assign the lower temperature transition observed for the DMPC SUVs/ LUVs to vesicles in which there are still some double or multiple bilayers; this peak decreases in relative intensity compared with the high temperature peak (e.g. for the nominal 200 nm vesicles extruded 40× versus 120×) as the number of these structures decreases, and as the sonication time increases. The higher temperature peak in DMPC SUVs/LUVs is then assigned to SUVs/LUVs with only a single bilayer in contact with a bulk aqueous phase on both sides. This peak increases in temperature as the vesicle size decreases. For DPPC extruded vesicles, the higher temperature peak occurs at a temperature of the parent MLV peak and the lower temperature peak decreases as the filters used for extrusion decrease in size.
We note that for the LUVs, T m is higher for DMPC and lower for DPPC than the parent MLVs. These differences have been observed in previous, earlier investigations of unilamellar vesicles, where mainly decreases [1, 26, 29, 49, 50] but also increases (DMPC [51] , DPPC [33] ) in T m have been associated with smaller vesicles compared with the parent MLVs. Calorimetric data for double calorimetric transitions in extruded PC vesicles [52] show a sharp peak slightly below and a broader peak slightly above 24°C for extruded DMPC, and a broadened peak below the MLV peak for extruded DPPC vesicles [28] . In order to understand the differences between DMPC and DPPC, it is necessary to consider the enthalpies and entropies of the transitions. Since T m = ΔH/ΔS, the relative increase or decrease of T m for unilamellar vesicles compared with oligolamellar or multilamellar vesicles simply reflects subtle differences in the relative contributions of ΔH and ΔS, which are chain length dependent. In fact, both ΔH and ΔS are greater for the longer chain length DPPC (Table 2 ) than the shorter chain length DMPC (Table 1) . However, T m is the ratio of ΔH to ΔS, which will depend on the relative contributions of the two terms, so that their ratio may fall above or below the parent MLVs.
In the current investigation it was not possible to quantify the populations of vesicles associated with the two phase transition temperatures, since the relative number of single/multiple bilayers is not known, and therefore the contribution to the enthalpy/entropy of the individual components cannot be determined. However, for ΔH (total) and ΔS (total), both ΔH (LUVs) b ΔH (MLVs), and ΔS (LUVs) b ΔS (MLVs), and both decrease as a function of decreased vesicle size for both DMPC and DPPC. Previously, it has been shown that ΔS is less for MLVs than for alkane chain melting, indicating that instead of a change from a true crystal to a disordered melt (alkanes), the gel and fluid phases are more similar to each other and there is more disorder in the gel phase of lipids in MLVs than in alkanes [50] . Here, since ΔS = S liqxtal − S gel , this now implies that the packing of the lipids in the gel phase of the SUVs is more similar to that of the fluid phase than is the case for the MLVs, i.e. the SUVs/LUVs become more disordered and similar to the fluid phase as the vesicle size decreases. The decrease in order with vesicle size also results in lower values of ΔH(total) with vesicle size, and all are less than the more ordered MLVs. Lower transition enthalpies and entropies have been measured for SUVs/LUVs compared with the parent MLVs [25, 50, 53, 54] , and have been attributed to curvature induced [29, 55] decreased lateral packing [56] and interchain interactions [57] observed by Raman spectroscopy and increased alkyl chain disorder (trans/gauche isomerism) observed by Raman [57, 58] and NMR [7, 59, 60] spectroscopy.
The widths (full widths at half height) of the DMPC and DPPC MLV phase transitions are narrower than those of the SUVs/LUVs, but except for the vesicles extruded with 50 nm pore size filters, this is partially due to the overlap of single and oligovesicular species. In the case of LUVs extruded finally with the 50 nm pore size filter, the FWHM is broader than for the MLVs. The narrower half widths for the MLVs compared with the unilamellar vesicles have been suggested to result from the lower curvature of the MLVs [30, 61] and/or from increased cooperativity of the transition due to interbilayer interactions [28] .
It has previously been suggested that each transition envelop for the MLVs and SUVs/LUVs was not a superposition of the transition curves of a distribution of vesicle sizes, each with its own T m [29] . The widths of both MLVs and SUVs/LUVs were instead attributed to a mixed population of gel and liquid crystalline clusters/aggregates within a single bilayer during the transition [29] , with the narrower MLV transition having a limiting finite width of~0.076 K [29] . For MLVs/(LUVs or SUVs), there are a smaller/larger number of larger/smaller size clusters, with a smaller/larger fraction of "mismatched" lipids, i.e. those in which a more ordered gel phase lipid is next to a less ordered fluid phase lipid with different interaction energies [29, 55] . The smaller size of the "cooperative unit" in the LUVs/SUVs, attributed to a reduction in the effective range of interactions between lipid molecules within a single bilayer, was suggested to be due to less ordered molecular packing, which in turn was due to their smaller radii of curvature. In addition to this possible explanation (which we cannot verify), it may be necessary to consider not only interactions within single bilayers, but also inter-bilayer interactions. Bilayers in MLVs are (except for the outerand inner-most bilayers) bounded by two adjacent bilayers, while LUVs or SUVs are bounded by bulk water on either side of the single bilayer. The bilayer separation in MLVs, typically~2.5 nm (~35 water molecules/phospholipid) is the result of a balance between repulsive electrostatic, hydration and steric forces and attractive van der Waal attractions. These differences in interbilayer interactions may contribute to the differences in phase behavior between the MLVs and unilamellar vesicles, and account for the difference in widths of the MLV and LUV/ SUV transitions.
The results for the DMPC and DPPC unilamellar vesicles are not consistent with an interpretation where the two transitions result from decoupled, separate transitions from the inner and outer leaflets of the bilayer. The inequality between the number of lipids in the inner and outer leaflets will increase as the vesicle size decreases, with the outer, less curved leaflet having a transition temperature closer to that of the MLVs. Therefore, the intensity of the transition near that of the MLV transition should increase with decreasing vesicle size, a trend not observed either for the DMPC or DPPC unilamellar vesicles. Further, lipids extruded with the 50 nm pore size filter, where cryo-TEM images show only unilamellar vesicles, have only a single T m . (This peak is asymmetric, and an attempt to model this asymmetry is underway.) Thus, the current results indicate that it is not possible to distinguish between the inner and outer leaflets of SUVs/LUVs based on calorimetric methods, although previous NMR and fluorescence measurements have shown that the inner and outer leaflets of these unilamellar vesicles have different signatures. Differences between the two leaflets of the bilayer for single component vesicles have been observed by 31 P NMR using shift reagents [33, 62] , fluorine NMR with and without addition of paramagnetic ions [63] and 1 H-NMR for sonicated egg lecithin with [64, 65] and without a shift reagent [66] . The coupling between the two leaflets of the bilayer in MLVs, LUVs and SUVs is unlike the case of supported lipid bilayers (SLBs), where there is at least one report of separate calorimetric phase transitions for the proximal (near support) and distal (near aqueous phase) leaflets [31] .There is also considerable atomic force microscopy (AFM) evidence for different transition temperatures for the proximal and distal leaflet bilayers in planar SLBs [67] [68] [69] .
Lastly, the data suggest that repeated use of a single pore size filter cannot produce unilamellar vesicles (except when extruded with pore filters b50 nm) of a size corresponding to the pore size employed. This is particularly true for the larger filters, e.g. 200 nm, where a very large number of transits (120×) through the extruder has only a small effect on the size/size distribution, although it does reduce the number of oligolamellar vesicles. Only the 50 nm pore size filter produced unilamellar vesicles, with nearly unilamellar vesicles produced for the 100 nm pore size filter.
Conclusions
DMPC and DPPC vesicles were prepared from multilamellar vesicles by an extrusion method (with and without a freeze/thaw cycle) using polycarbonate filters with pore sizes ranging from 50 to 400 nm, or by sonication, and characterized nano-differential scanning calorimetry, dynamic light scattering and cryo-TEM. When two gel-to-liquid crystal phase transition temperatures are observed, they were not the result of decoupled phase transitions between the inner and outer leaflets of the vesicles. Instead, they have been attributed to mixtures of single bilayer and oligolamellar vesicles, where the transition temperatures may be affected both by curvature effects and whether the bilayers are bounded by free water (or buffer) or by adjacent bilayers. The oligolamellar vesicles were assigned T m s close to those of the MLVs, and the other T m was assigned to the unilamellar vesicles. However, the relative positions of the transition temperatures of the unilamellar vesicles with respect to those of the parent MLVs depend on subtle differences in the enthalpies, ΔH, and entropies, ΔS, of melting (since T m = ΔH/ΔS). Both the enthalpies and entropies of melting decreased with decreasing vesicle size for DMPC and DPPC. In the case of DPPC, T m for the unilamellar vesicles decreased with decreased vesicle size, while for DMPC, T m for the unilamellar vesicles increased with decreased vesicle size. For DMPC vesicles finally extruded with the 50 nm polycarbonate filter, only a single T m was observed, and cryo-TEM images showed only unilamellar and no oligolamellar vesicles. For vesicles extruded with the 400 nm, 200 nm and 100 nm pore size filters, it was not possible to eliminate these oligolamellar structures even after many passes (40× to 120×), although the effect was not large for the vesicles extruded using the 100 nm pore size filter. These effects should be considered when assigning calorimetric phase transition temperatures. DLS data cannot be used to indicate the presence of oligolamellar vesicles.
